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Abstract
Epidemiological, clinical and experimental studies have established a positive correlation between
green tea consumption and cardiovascular health. Catechins, the major polyphenolic compounds in
green tea, exert vascular protective effects through multiple mechanisms, including antioxidative,
anti-hypertensive, anti-inflammatory, anti-proliferative, anti-thrombogenic, and lipid lowering
effects. (1) Tea catechins present antioxidant activity by scavenging free radicals, chelating redox
active transition-metal ions, inhibiting redox active transcription factors, inhibiting pro-oxidant
enzymes and inducing antioxidant enzymes. (2) Tea catechins inhibit the key enzymes involved in
lipid biosynthesis and reduce intestinal lipid absorption, thereby improving blood lipid profile. (3)
Catechins regulate vascular tone by activating endothelial nitric oxide. (4) Catechins prevent vascular
inflammation that plays a critical role in the progression of atherosclerotic lesions. The anti-
inflammatory activities of catechins may be due to their suppression of leukocyte adhesion to
endothelium and subsequent transmigration through inhibition of transcriptional factor NF-kB-
mediated production of cytokines and adhesion molecules both in endothelial cells and inflammatory
cells. (5) Catechins inhibit proliferation of vascular smooth muscle cells by interfering with vascular
cell growth factors involved in atherogenesis. (6) Catechins suppress platelet adhesion, thereby
inhibiting thrombogenesis. Taken together, catechins may be novel plant-derived small molecules
for the prevention and treatment of cardiovascular diseases. This review highlights current
developments in green tea extracts and vascular health, focusing specifically on the role of tea
catechins in the prevention of various vascular diseases and the underlying mechanisms for these
actions. In addition, the possible structure-activity relationship of catechins is discussed.
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INTRODUCTION
Tea, brewed from the dried leaves of the plant Camellia sinensis, is one of the most widely
consumed beverages in the world. Tea can be categorized into three types, depending on the
level of oxidation, i.e. green tea (non-oxidized), oolong tea (partially oxidized) and black tea
(oxidized). The manufacturing process of tea is designed to either prevent or allow tea
polyphenols to be oxidized by naturally occurring polyphenol oxidase in the tea leaves. Green
tea is manufactured by inactivating polyphenol oxidase in the fresh leaves by either firing or
by steaming, which prevents the enzymatic oxidation of catechins, the most abundant
flavonoids in green tea extracts. The major catechins of green tea are (−)-epicatechin (EC),
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(−)-epicatechin-3-gallate (ECG), (−)-epigallocatechin (EGC) and (−)-epigallocatechin-3-
gallate (EGCG) [1–4]. As shown in Fig. 1, catechins are polyphenolic compounds with
diphenyl propane skeleton. The chemical structure consists of a polyphenolic ring (A)
condensed with six-membered oxygen containing heterocylic ring (C) that carries another
polyphenolic ring (B) at the 2 position. Catechins are characterized by multiple of hydroxyl
groups on the A and B rings. EC is an epimer containing two hydroxyl groups at 3′ and 4′
position of B ring and a hydroxyl group at 3 position of the C ring (Fig. 2). The only structural
difference between EGC and EC is that EGC possesses an additional hydroxyl group at 5′
position of the B ring. ECG and EGCG are ester derivatives of EC and EGC, respectively,
through esterification at 3 hydroxyl position of the C ring with a gallate moiety [3,5,6]. In black
tea manufacturing, freshly harvested leaves are naturally semi-dried before the withered leaves
are rolled and crushed to allow the polyphenol oxidase to catalyze the oxidation, leading to
conversion of catechins to theaflavins and thearubigins [7]. The partly oxidized oolong tea
represents an intermediate between black and green tea [1].

A typical tea beverage, prepared in a proportion of 1 g of tea leaves to 100 ml of boiling water
in a 3-minute brew, usually contains 250–350 mg of dry materials that are comprised of 30–
42% catechins and 3–6% caffeine [1]. In green tea, catechins account for 80% to 90% of total
flavonoids, with EGCG being the most abundant catechin (48–55%) followed by EGC (9–
12%), ECG (9–12%) and EC (5–7%) [1,8]. The catechin content of green tea is affected by
several factors such as drying condition, degree of fermentation, preparation of the infusion,
and decaffeination. The catechin content of black tea is only 20–30%, whereas theaflavins and
thearubigins represent about 10 and 50–60% of total flavonoids, respectively [1]. The
bioavailability of green tea catechins in humans is an important variable for evaluation their
biological activity within the target tissues. In humans, the plasma catechin concentration was
notably increased 2 to 4 hours following the consumption of green tea [3]. However, the
bioavailability of catechins is relatively lower, with reportedly plasma catechin (EGCG and
EGC) concentrations accounting for only 0.2% to 2% of the ingested amount in healthy people
[9]. The plasma total catechin levels after ingestion of a single, large dose of green tea range
from 0.6 to 1.8 μM [10]. A study comparing the pharmacokinetics of pure EGC, ECG, and
EGCG in healthy volunteers reported that average peak plasma concentrations after ingestion
a 1.5 mM each of EGC, ECG and EGCG as a single bonus were 5.0 μM, 3.1 μM, and 1.3 μM,
respectively [11], indicating that bioavailability differs markedly among catechins and that
EGCG may be less bioavailable than other green tea catechins in humans. Existing evidence
suggests that absorbed catechins are subjected to extensive biotransformation, including
methylation, glucuronidation, sulfation and ring-fission metabolism [5]. More than 80% of the
major tea catechins are found as conjugates in plasma and urine. However, these conjugates
still contain intact catechol and gallate moieties and can scavenge superoxide with the same
efficacy as their parent compounds [6,12,13], suggesting that the antioxidant capacity of some
of the catechin metabolites is similar to that of their parent compounds [3]. Even their low
bioavailability, absorbed catechins may be still sufficient to exert beneficial effects on
cardiovascular parameters in vivo [14]. Consumption of green tea or its extract is considered
safe, as no significant side effect was observed in various clinical trials [15]. Recently, green
tea has drawn wide attention for its potentially beneficial effects on human health. Several
studies reveal that green tea may exert protective effects against cardiovascular disease (CVD)
and various types of cancers [2,3,5,16]. Tea catechins exert a variety of physiological actions,
which may be primarily responsible for the health benefits of green tea. They possess
antioxidant, anti-inflammatory, anti-hypertensive, anti-diabetic, anti-mutagenic, anti-bacterial
and anti-viral effects [2,3,5,16]. Hence these small molecules in the tea extracts have gained
considerable attention and are an active area of scientific enquiry for their possible health
benefits. CVD is the leading cause of morbidity and mortality that accounts for an estimated
40% of all deaths [17]. The incidence of CVD continues to rise worldwide and there are more
than one-fourth of the U.S. populations (about 70 million individuals) who live with CVD
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[17]. The beneficial effects of green tea on cardiovascular health are well documented [18–
21]. Several epidemiological studies reported the positive relationship between green tea intake
and reduced CVD risk [22–24]. In a large population-based (11-year follow-up, 1995–2005)
study involving over 40,000 middle-aged Japanese, those who drank over two cups (about 17
ounces) of green tea per day reduced their risk of death from CVD by 22 to 33 %, compared
to those who drank less than a half-cup of green tea daily [23]. In a cross-sectional study, the
consumption of 120–599 ml of green tea per day for at least one year reduced the risk of
developing hypertension by 46% and consuming more than 600 ml per day was shown to
reduce the risk by 65%, compared to those subjects consuming less than 120 ml per day [25].
An inverse relationship between green tea consumption (> 2 cups/day) and coronary
atherosclerosis was also documented in subjects undergoing coronary angiography [22]. While
it was reported that there was no inverse association between green tea intake and coronary
artery disease, intake of green tea was found to be inversely associated with myocardial
infarction [26]. Consumption of 8 g of powdered green tea per day for two weeks enhances
flow mediated blood vessel dilation in chronic smokers [27], suggesting that green tea
consumption may prevent future cardiovascular events in smokers.

The cardioprotective effect of green tea was also demonstrated in numerous animal studies
[28–33]. Green tea (1.7 mg catechin/day/mouse for 14 weeks) [30] and EGCG (10mg/kg for
21 and 42 days) [28] were shown to reduce the development of atherosclerosis and progression
of evolving atherosclerotic lesions in hypercholesterolemic apolipoprotein E-deficient mice.
Consumption of green tea in drinking water (containing 3.5g catechins/L) for two weeks
attenuated the blood pressure in stroke-prone spontaneously hypertensive rats [31]. Recently,
we have reported that green tea treatment (300mg/kg body weight) for 4 weeks can impede
cardiac dysfunction in diabetic rats by improving oxidative stress and lipid profile [32,33]. In
vitro studies provide evidence that catechins might be the major component in green tea that
exert the cardioprotective effect [19]. Indeed, studies showed that supplementation of EGCG
acutely improved brachial artery flow mediated dilation in subjects with endothelial
dysfunction [34]. In another study, EC administration improved flow mediated dilation of the
bronchial artery in healthy adults [35]. The cardiovascular heath benefits of tea consumption
have been previously reviewed [19–21,36,37]. This review provides the current developments
in green tea catechins and vascular health with special emphasis on recent studies exploring
the mechanisms involved in the cardioprotective effect of green tea catechins, which may
provide better understanding of the fundamental roles of tea catechins in vascular health. In
addition, the possible relationship of chemical structure of catechins with some of their
biological activities is also discussed.

MECHANISMS OF THE CARDIOPROTECTIVE EFFECTS OF GREEN TEA
CATECHINS

CVD is multifactorial involving oxidative stress [38], abnormalities in lipid metabolism [39],
disturbances in vascular tone [40], platelet aggregation [41], inflammation [42] and
proliferation of vascular cells [43]. Catechins have been reported to beneficially impact the
parameters associated with vascular dysfunction, including lipoprotein oxidation, blood
platelet aggregation, vascular inflammation, vascular smooth muscle cell (VSMC)
proliferation, altered lipid profile and vascular reactivity. Besides being as anti-oxidants,
catechins exert their biological effects by modulating some cellular signaling pathways that
lead to reduction of inflammation, platelet aggregation, and an elevation of vascular reactivity
[18–21].
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Antioxidant Effect
Accumulating evidence indicates that oxidative stress, a pathogenic outcome from
overproduction of reactive oxygen species (ROS), play an important role in vascular damage
and progression of various vascular disease, including atherosclerosis, ischemic heart disease,
hypertension, cardiomyopathies, cardiac hypertrophy and congestive heart failure [38]. Indeed,
increased production of ROS and attenuated antioxidant defense system have been
demonstrated throughout the vascular pathogenesis [38,44,45]. The high concentrations of
ROS produce deleterious effects on both vascular and cardiac myocytes [38]. ROS impair
cardiovascular function by inducing VSMC proliferation [46,47], endothelial dysfunction
[48,49], cardiac apoptosis and/or necrosis [50,51]. The sources for the ROS production during
CVD are uncoupling of mitochondrial electron transport, pro-inflammatory cytokines and
induction of oxidative enzymes such as inducible nitric oxide synthase (iNOS) and xanthine
oxidase (XO) [52].

Tea catechins have been largely studied for their antioxidant capacities and are considered as
important antioxidants [2,53]. The antioxidant effects of catechins are presumed to play a major
role in mediating the cardioprotective role of tea [19], although emerging evidence shows that
catechins also have antioxidant-independent vascular effects, which will be discussed
elsewhere in this review. Green tea catechins can exert both direct and indirect antioxidant
effects on cardiovascular system [19,54]. Catechins present antioxidant activity through
scavenging ROS, chelating redox active transition- metal ions, inhibiting redox sensitive
transcription factors, inhibiting pro-oxidant enzymes and inducing antioxidant enzymes [3,
19,55]

Human and animals studies have reported that green tea and its catechins can decrease the
biomarkers of oxidative stress [5] and lipid peroxidation [56] and increase the plasma
antioxidant capacity [57–59]. EGCG treatment increases the antioxidant capacity in local
vascular tissue and systemic circulation in apolipoprotein E null mice [28], a mouse model of
human atherosclerosis. In addition, EGCG dose-dependently protects human plasma against
oxidation, with 10 μM concentration reducing oxidation by 68% [60]. The rise in plasma
antioxidant capacity peaks about 1 to 2 hours after tea ingestion and declines quickly thereafter
[5], which could be due to rapid absorption, metabolism and excretion of tea catechins [3].
Catechins can stabilize ROS and prevent oxidative injury by directly scavenging free radicals
[60–62]. The free radical scavenging mechanisms of catechins may involve the delocalization
of electrons, formation of intra- and intermolecular hydrogen bonds, rearrangements of
molecules and chelation of metals that may be involved in oxidation [63,64]. Because of the
number and arrangement of their phenolic hydroxyl groups, catechins are excellent electron
donors and efficient scavengers of free radicals such as superoxide anions, singlet oxygen,
nitric oxide (NO) and peroxynitrite [3,5,60,65] The scavenging capacity of catechin molecules
depends on the number of ortho-dihydroxyl and ortho-hydroxyketol groups, C2-C3 double
bonds, concentration, solubility, the accessibility of the active group to the oxidant, and the
stability of the reaction product [2,66]. Specific structural components in catechins are reported
to be differentially responsible for the radical scavenging, chelation or antioxidant activity
[6,61,67]. The antioxidant capacity decrease substantially with decrease in number of hydroxyl
groups on the B ring [68], suggesting that the number of hydroxyl groups on the B ring
contributes significantly to the hydroxyl scavenging activity of catechins. As catechins have a
saturated heterocyclic ring, ROS predominantly attach to the ortho-dihydroxy site on the B
ring, which results in electron delocalization and confers a higher stability to the resulting
radical semiquinones [6,69],. The 3′, 4′ catechol structure on the B ring is a potent scavenger
of peroxyl, superoxide, and peroxynitrite radicals [61]. The hydroxyl groups at three different
rings (C5 and C7 of the A ring; C3′ and C4′ of the B ring; and C3 of the C ring) also enhance
the inhibition of lipid peroxidation [70]. In addition, the ortho-trihydroxyl group in the B-ring
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is important for scavenging super-oxide anion, whereas the galloyl moiety is responsible for
quenching the hydroxyl radicals [71]. Further, conjugation between the A and B rings provides
a resonance effect of the aromatic nucleus that is important in stabilizing phenoxyl radicals
[61].

EGCG is the most potent tea antioxidant [2], suggesting that the ortho-trihydroxyl group and
3-gallate esters in catechins play an important role in antioxidant activity, radical scavenging
and preventing oxidative destruction of biological compounds [60]. Tea catechins also protect
cells against transition metal-catalyzed free radical formation by chelating iron and copper to
prevent their participation in Fenton and Haber-Weiss reaction [72,73]. The ortho-3′4′-
hydroxyl group of the B ring and gallate moiety of gallocatechins were reported to be the
primary metal binding sites for catechins [74,75]. Though many studies report that EGCG is
the most potent antioxidant among catechins, a study demonstrated that ECG is equally potent
as EGCG in producing antioxidant effect in an in vitro system [76,77]. Studies indicate that
the metabolities of catechins also possess similar antioxidant effects like their parent
compound. (−)-Epicatechin-5-O-β-glucuronide and (+)-catechin-5-O-β-glucuronide, the
metabolites of EC and catechin exhibit comparable scavenging abilities to the parent
compounds [71]. Conjugation at the A ring in metabolites did not interfere with the ortho-
dihydroxyl group at the 3′ and 4′ positions on the B ring [71].

While a large body of literature demonstrates the antioxidant and free radical scavenging effects
of catechins as described above, several animal and human studies showed no effects of tea
catechins on plasma antioxidant [53,78]. It was proposed that this could be due to insufficient
concentrations of circulating catechins necessary for exerting an antioxidant effect in vivo
[20]. In contrast to these positive and neutral studies, a number of studies indicate that tea
catechins can act as a pro-oxidant [79,80] and induce oxidative damage through the generation
of ROS [81]. Tea catechins are unstable under cell culture conditions and undergo oxidative
polymerization with hydrogen peroxide [79,82]. EC and EGCG also can generate superoxide
anion and hydroxyl radicals [80]. It was suggested that the pro-oxidant activity of these
catechins depends upon the hydroxyl orthodihydroxy groups on their molecules [80]. However,
these reported pro-oxidant effects are only observed at pharmacological dose (>10 μM/L) of
catechins [83] and under in vitro condition [79,80]. Therefore, the biological relevance of this
finding is questionable.

Catechins may also reduce the oxidative stress by modulating the ROS generating enzymes
such as iNOS and XO. While endothelial-derived NO from activation of constitutive NO
synthase is important for maintaining vascular tone and homeostasis, higher concentrations of
NO produced by iNOS from immune cells such as macrophages can cause oxidative damage.
The activated macrophages to a great extent increase the simultaneous production of both NO
and superoxide anions. NO reacts with free radicals, thereby producing the highly damaging
peroxynitrite that can directly oxidize low density lipoprotein (LDL), resulting in irreversible
damage to the cell membranes. EGCG dose-dependently inhibit the expression of iNOS in
lipopolysaccharide-activated macrophages by preventing the binding of nuclear transcriptional
factor-kB (NF-kB) to the iNOS gene promoter and also reduce the activity of iNOS, thereby
reducing toxic NO generation [77,84]. XO-mediated metabolic pathway has been implicated
as an important route in the oxidative damage to tissues, particularly after ischemia-reperfusion
[85]. XO reacts with oxygen molecule, leading to the release of superoxide. In an in vitro study,
catechins was shown to be the inhibitors of XO [86], and EGCG was as potent in inhibition of
XO as allopurinol, a drug used to inhibit XO in gout patients [86]. This result is further
corroborated by another study demonstrating that EGCG suppresses XO activity and its
mediated pathway in various cultured cells [87].
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Several studies have found that catechins can up-regulate anti-oxidant enzymes. Mice given
0.2% catechins in drinking water showed significantly increased activities of superoxide
dismutase, catalase and glutathione peroxidase [88], which play key roles in scavenging ROS.
Green tea consumption for 2 weeks was shown to induce the expression of catalase in aorta of
spontaneously hypertensive rats [31]. In addition, catechins also participate in vitamin E
recycling, and thus complement the functions of glutathione [89]. Furthermore, green tea was
shown to increase the plasma and tissue glutathione levels in several animal studies [32,53,
90].

LDL is a well recognized and the most studied risk factor for CVD. At the first stage, LDL
deposits at lesion sites of the arterial wall and is subjected to oxidation when protectors such
as antioxidants are depleted. Oxidized LDL then induces modifications in lipoproteins,
stimulates inflammatory reactions, causes monocytes and monocyte-derived macrophages to
uptake oxidized LDL, and ultimately leads to the formation of lipid-loaden foam cells and
atherosclerotic plaques. These plaques protrude from the inner surface of the arteries,
narrowing the lumen, and reducing blood flow that leads to coronary heart disease. Extensive
studies reported that catechins can inhibit the oxidation of LDL both in vitro and in animal
studies [2,20,29,37,91,92] with a potency order of EGC < EC < ECG < EGCG [93] It was also
shown that EGCG alone has a lipoprotein bound antioxidant activity that is greater than that
of tocopherol [56]. The addition of 2 to 20 μg/ml of EC, ECG, EGC, or EGCG to the
macrophages conserved the α-tocopherol content of the LDL and delayed the onset of lipid
peroxidation [89].

Effect on Lipid Profile
Hyperlipidemia, resulting from the abnormalities of lipid metabolism, is one of the major risk
factors for the development of CVD. The elevated levels of plasma lipids such as fatty acids,
cholesterol, phospholipids and triglycerides can lead to the development of atherosclerotic
plaques [39]. The risk of CVD reduced by 2% with a 1% decrease in serum cholesterol [94]
and evidence suggests that drugs with the ability to reduce plasma lipids can reduce the
probability of cardiovascular death [39]. Green tea catechins affect lipid metabolism by various
mechanisms and prevent the appearance of atherosclerotic plaque in various models of
hyperlipidemia [30,88]. In addition, catechins influence micellular solubility, luminal lipid
hydrolysis and intestinal lipid absorption [95]. Furthermore, catechins can up-regulate hepatic
LDL receptor expression, thereby modulating biosynthesis, excretion and intracellular
processing of lipids [20,95–97]. While it is unclear how catechins modulates hepatic LDL
receptor in vivo, one study suggests that this may be due to a reduction of cholesterol
concentration in liver [98], given that LDL receptor synthesis is increased in response to
decreased intracellular cholesterol levels [99].

Tea catechins were shown to reduce blood cholesterol levels and prevent the deposition and/
or accumulation of cholesterol in various tissues, including liver and heart in rats with
hypercholesterolemia [33,97]. In an in vitro study, EC, EGC, ECG or EGCG at 5 μM was
shown to suppress intracellular lipid accumulation [100]. Studies demonstrated that tea
catechins may interfere with the emulsification, hydrolysis, and micellar solubilization of lipids
[101–103], suggesting that the cholesterol-lowering effect of catechins may, at least in part, is
mediated by their influence on intestinal lipid absorption. Indeed, catechins were demonstrated
to lower the absorption of cholesterol and triglyceride in rats [98,104]. In this regard, EGCG
and ECG were more effective than EC and EGC in lowering the absorption of cholesterol
[104], suggesting that the gallate ester components of catechins may be primarily responsible
for inhibition of intestinal cholesterol absorption.

The micellar solubilization of hydrolyzed lipids is the critical step for the uptake and absorption
of lipids by enterocytes and this process facilitates the transfer of lipids through the unstirred
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water layer to the enterocyte for uptake [95]. While Catechins with gallate esters were shown
to decrease cholesterol absorption by forming insoluble co-precipitates of cholesterol and
decreasing bile acid-induced micellar solubility [104], EC may inhibit cholesterol absorption
primarily by binding to cholesterol, thereby increasing fecal excretion of cholesterol [105].
Dietary flavonoids were reported to modulate the specific transport proteins located on the
brush border membranes that play a significant role in the uptake of lipids by enterocytes
[106,107]. Based on these studies it was proposed that catechins may form complex with these
transport proteins through hydrophobic interactions and hydrogen bonding and therefore
interfere with the uptake of lipids by enterocytes [95]. As aforementioned, catechins, especially
EGCG, are not readily absorbed in both animals [108] and humans [109]. Thus, catechins may
interfere with the steps involved in intestinal uptake of lipids due to their presence in high
concentrations in the intestinal lumen [110].. In addition, catechins may have direct inhibitory
effect on cholesterol synthesis. It was recently found that green tea catechins are potent and
selective inhibitors of squalene epoxidase, a likely rate limiting enzyme of cholesterol
biosynthesis [111]. The presence of galloyl moiety was suggested to be important for squalene
epoxidase inhibitory activity of catechins [111].

It is well recognized that LDL-cholesterol is an important risk factor for the development of
CVD. Human studies showed that green tea consumption is associated with a lower ratio of
LDL-cholesterol to HDL (high density lipoprotein) -cholesterol [24,112]. While it was reported
that there was no change in the serum concentrations of total cholesterol, triglycerides and
HDL-cholesterol on daily consumption of up to 4 cups of green tea in middle-aged men
[113], the result from a similar study demonstrated the association between the consumption
of more than 10 cups (1,500 ml) of green tea a day with decreased serum concentrations of
total cholesterol, LDL, and triglycerides, and with an increased HDL concentration [24].
Consistent with this report, another study demonstrated that consumption of 9 or more cups of
green tea per day can reduce serum cholesterol level, although serum triglycerides and HDL-
cholesterol were not altered [114]. While the discrepancies of these epidemiological data could
be due to various factors such as heterogeneities in study design, variations in sample size, the
differences in tea preparation, production process, as well as life styles, intake of relatively
high doses of catechins may be required for achieving this beneficial effect. Catechins were
also reported to favorably modify lipoproteins in animal studies. EGCG reduces circulating
LDL-cholesterol but promote HDL-cholesterol in rats fed with a high fat and high cholesterol
diet [115]. In line with these studies, we have reported that green tea extract (300 mg/kg body
weight for 4 weeks) containing 80% catechins can reduce circulating LDL-cholesterol but can
increase the levels of HDL-cholesterol in diabetic rats [33]. Apolipoprotein B (ApoB) is the
primary apolipoprotein component in LDL and high levels of ApoB and decreased
Apolipoprotein A-1 (ApoA-1)/ApoB ratio are associated with higher risk of CVD [116]. Green
tea catechins supplemented in either diet or drinking water was shown to reduce ApoB and
improve the ratio of ApoA-1/ApoB [105]. Catechins also up-regulate LDL receptor, which is
likely mediated through the activation of sterol regulated element binding protein-1 [117]. In
addition to increasing its expression, catechins may also increase LDL receptor binding
activity, which may also contribute to a hypocholesterolemic effect of green tea [117].
Combined, catechins modulate cholesterol metabolism by targeting biosynthesis, absorption,
excretion of cholesterol and LDL receptor that collectively contribute to the
hypocholesterolemic effect of green tea catechins.

The postprandial hypertriacylglycerolemia is a risk factor for coronary heart disease and
catechins was shown to have a beneficial effect on this condition [118]. Tea catechins,
particularly those with a galloyl moiety, dose dependently inhibit the activity of pancreatic
lipase, thereby suppressing triacylglycerol absorption and postprandial
hypertriacylglycerolemia [118]. In addition, green tea catechins at the levels achievable by
typical daily intake markedly altered the physicochemical properties of a lipid emulsion by
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increasing its particle size and reducing the surface area [102]. These changes reduce the
interaction of pancreatic lipase with fat and therefore decrease the rate of hydrolysis of fat
[102]. EGCG was identified as the main catechin compound present on the lipid phase of the
emulsion that is responsible for the changes in emulsion properties [101]. The hydroxyl
moieties of EGCG was proposed to interact with the hydrophilic head group of phosphatidyl
choline at the exterior of a lipid emulsion by forming hydrogen bonds, and such interaction
may lead to formation of cross-links followed by coalescence of the emulsion droplets [101].

EGCG also has been shown to exert a potent inhibitory effect on pancreatic phospholipase
A2, which may also be attributable to the decreased absorption of lipid because luminal
phosphatidyl choline hydrolysis is critical to facilitating intestinal lipid digestion and
absorption [95,103]. EGCG may interact with the surface phosphatidyl choline of a lipid
emulsion and hinder the access to the substrate by phospholipase A2 [95,103]. It was also
proposed that EGCG may directly interact with the enzyme protein and subsequently alter its
conformation and catalytic activity [119,120]. As above mentioned, postprandial
hyperglyceridemia has been shown to be an independent risk factor for CVD, the consumption
of green tea with or before meals therefore may be an effective strategy to attenuate postprandial
lipemia in individuals with CVD risk [121].

The synthesis of fatty acid is a key step for lipogenesis. The suppression of lipogenesis by
green tea extracts has been demonstrated in experimental animals [122]. In an in vitro study it
was reported that EGCG at 10 μM profoundly suppress fatty acid synthase (FAS) gene
transcription through epidermal growth factor receptor/phosphoinositide-3 kinase (PI3K)/Akt/
Sp-1 signal transduction pathway in breast cancer cells [123]. However, another study indicates
that the phenolic group of the B ring and galloyl group in EGCG are directly involved in the
irreversible inhibition of FAS [124]. The ester bond of gallate group covalently reacts with the
essential group of β-ketoacyl reductase of FAS that leads to the irreversible inhibition of FAS
[124]. In addition, EGCG and ECG at 5 μM were shown to inhibit the activity of rat liver acetyl
CoA carboxylase, which catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, the rate
limiting step in fatty acid biosynthesis [125], whereas other catechins has no effect on this
enzyme, suggesting that catechin skeleton and 3-ortho-gallate moiety may be both required for
this inhibitory activity.

Effect on Vascular Homeostasis
Endothelial cells (ECs), which not only serve as a biological barrier separating circulating
blood and peripheral tissues, but also playing a central role for maintaining vascular
homeostasis. Endothelial dysfunction significantly contributes to the pathogenesis and clinical
manifestation of CVD [54]. Vascular ECs maintain normal vascular function by producing
various vasoactive substances that regulate vascular tone, local inflammation and angiogenesis
[40]. Endothelium-derived NO, synthesized from L-arginine by endothelial isoform of NO
synthase (eNOS), is not only a vasodilator, but also maintains vascular homeostasis. NO
inhibits the expression of leukocyte adhesion molecules at the endothelial surface and prevents
the adherence of leukocytes to ECs, thereby exerting an anti-inflammatory effect [40,54,126,
127]. In addition, NO prevents the platelet adhesion, platelet aggregation and inhibits the
proliferation of VSMCs [54]. Thus, endothelial dysfunction and subsequent impairment of NO
production is widely acknowledged as a critical step in initiation of atherogenesis and vascular
pathogenesis [128]. Thus, agents that can prevent damage to ECs or restore endothelial function
may have important clinical implications.

Experimental and clinical studies suggest that tea catechins can significantly improve
endothelial function, thereby providing an additional beneficial effect on patients with CVD.
EGCG was shown to improve endothelial function and reduce blood pressure in hypertensive
rats [129]. Administration of 1 or 2 mg of EC/kg body weight rapidly improves flow-mediated
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dilation of the branchial artery and fingertip microvessels in healthy adults [35]. In consistent
with this observation, another recent human study demonstrated that acute administration of a
single 300 mg dose of EGCG can reverse endothelial dysfunction and improve brachial artery
flow-mediated dilation in patients with coronary artery disease [34]. While the precise
mechanism by which tea improves endothelial function is not exactly clear, recent studies
provided evidence that tea catechins induce endothelium- and NO-dependent vasorelaxation
as demonstrated in ex vivo studies of rabbit [35] and rat aortic tissues [78,130]. In cultured
ECs, EGCG (100 μM) rapidly activates eNOS through PI3K/Akt and cAMP-dependent protein
kinase A, whereas eNOS protein content is not altered [130], suggesting a possible non-
genomic effect of this compound. Interestedly, a further study showed that the activation of
PI3K/Akt and eNOS by EGCG in ECs requires both ROS and Fyn, a protein associates with
the p85 subunit of PI3K [131]. The biological relevance of these data derived from in vitro and
ex vivo studies was supported by a recent animal study demonstrating that ingestion of a diet
rich in catechins increased eNOS activity, endothelium-derived NO production and cyclic
guanosine-3′,5′-monophosphate (cGMP) content, a determinant of biological activity for
released NO, but eNOS expression was not changed in the arterial tissues of rats [132], further
suggesting that catechins may modulate endothelium-dependent vasorelaxation through
eNOS/NOsignaling molecules-mediated, transcription-independent mechanism.

Catechins may also increase NO bioavailability and improve endothelial function by
neutralizing ROS. ROS can react directly with NO and eliminate its biological activity [128].
The alterations in cellular redox state reduce eNOS expression, decrease the availability of
essential co-factors for its activation, and uncouple eNOS from its normal dimeric
configuration into a monomeric form that leads to the production of superoxide anion, rather
than NO [128]. Superoxide, which is also potentially produced from NAD(P)H-dependent
oxidases, XO, lipoxygenase and mitochondrial oxidases [133,134], react with NO, reducing
NO bioavailability and producing peroxynitrite [135], a strong oxidant that has been implicated
in vascular disease [136]. In addition, increased oxidative stress also was shown to produce
critical modifications in guanylyl cyclase and therefore may reduce tissue responses to NO
[18]. EGCG has been shown to potently scavenge superoxide [137], suggesting that catechins
may increase the bioavailability of NO by scavenging superoxide, which may in turn contribute
to endothelium-dependent vascular relaxation.

EGCG and EGC were also found to stimulate the production of prostacyclin in bovine aortic
ECs [138]. This effect is likely related to the pyrogallol structure of catechins because EC and
ECG that are lack of this structure in their molecules had no significant effect on prostacyclin
release. Prostacyclin activates adenylyl cyclase to produce cAMP, which ultimately induces
endothelium-independent vasorelaxation by activation of PKA and inhibition of intracellular
[Ca2+] increase in VSMCs [139,140]. While these data suggest that catechins may
simultaneously activates differential signaling pathways, leading to production of
endothelium-dependent and -independent relaxing factors, a catechin concentration of ≥50
μM is required for achieving these effects, which is unlikely unattainable in vivo through
nutritional supplementation. Therefore, the physiological relevance of these in vitro findings
is no clear.

In contrast to above described beneficial effects of catechins on vascular homeostasis, some
studies reported that catechins can exert contractile effects in rat aorta and impair endothelium-
dependent vasorelaxation [141,142]. It was proposed that the inhibition of vasorelaxation by
catechins could be due to inactivation of endothelium-derived NO [141]. The stereoscopic
structure between the C3 group and B ring of catechins along with the hydroxyl group on C5
of the B ring is possibly responsible for this effect [141]. Indeed, substitution of gallate group
of C3 attenuates such an inhibitory effect of catechins on vasorelaxation due to decreased
response to soluble guanylate cyclase in VSMCs [141]. The discrepancy of these observations
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could be due to the differences in experimental conditions, animal species, and catechin doses
used [140]. EGCG and EGC were reported to cause contraction of arteries in relatively lower
concentrations (1–30 μM) whereas stimulate vasorelaxation at high doses (> 100 μM) [141].
It was suggested that the contractile and relaxant effects of catechins may be due to a biphasic
behaviour of catechins, more than to a dual concentration-selective mechanism [140].

Anti-inflammatory Effect
It is now recognized that atherosclerosis is a chronic inflammatory disease and inflammation-
induced monocyte adhesion to ECs followed by transmigration into the subendothelial space
is one of the key events in the development of atherosclerosis [143–145]. Adhesion of
leukocytes to ECs is critically regulated by both chemotactic cytokines and vascular adhesion
molecules. Chemokine interleukin-8 (IL-8) and monocyte chemoattractant protein -1 (MCP-1)
are demonstrated to be the key factors in the firm adhesion of monocytes to activated ECs and
in monocyte recruitment into sub-endothelial lesion in atherosclerosis [146]. Various adhesion
molecules that are involved in this event such as endothelial leukocyte adhesion molecule-1
(E-selectin), intercellular adhesion molecule-1 (ICAM-1) and vascular adhesion molecule-1
(VCAM-1), which are regulated by NF-kB and play a pivotal role in attracting binding and
transmigration of leukocytes into sites of inflammation [146–148].

In vitro studies show that catechins can inhibit leukocyte-endothelial interaction. EGCG and
ECG dose-dependently reduce cytokine-induced VCAM-1 expression and monocyte adhesion
to ECs, an effect that is likely dependent on the pyrogallol group in catechins since EC and
EGC were without such an effect [149]. EGCG (5–30 μM) was also shown to inhibit phorbol
12-myristate 13-acetate-induced MCP-1 mRNA and protein expression in human ECs and
thereby reduce the migration of monocytes, an effect mediated through the suppression of p38
mitogen-activated protein kinase (p38) and NF-kB activation [150]. At physiological
achievable concentration, EGCG was shown to inhibit neutrophil migration through cultured
human endothelial monolayers [151]. EGCG and ECG also induce caspase-mediated apoptosis
of monocytes, thereby suppressing undesirable immune response that may play a key role in
atherogenesis [152]. In addition, EGCG was shown to suppress chemokine production and
neutrophil infiltration at the inflammatory site [153].

The redox-sensitive transcription factors NF-kB and activator protein-1 (AP-1) play a critical
role in mediating various oxidative stress-regulated vascular inflammation and pathogenesis.
NF-kB activation plays a major role in the expression of pro-inflammatory molecules,
including cytokines, chemokines and adhesion molecules [154,155]. NF-kB is associated with
the cytoplasmic inhibitory protein IkBα in inactive form [156]. Cellular stimulation with NF-
kB agonists results in the phosphorylation and degradation of IkBα, allowing the p50/65
heterodimers of NF-kB to translocate to nucleus and initiate expression of target genes [157–
159]. Tea catechins were shown to modulate these factors [160]. Administration of EGCG
during reperfusion significantly decreased IkB kinase activity, resulting in the reduction of
IkBα degradation and NF-kB activity [161]. EGCG also was shown to reduce the AP-1 activity
by diminishing phosphorylation of c-Jun [162], suggesting that catechins may simultaneously
modulate multiple signaling pathways. In addition, EGCG can directly inhibit the
phosphorylation of IkB, thereby preventing NF-kB translocation to the nucleus [163]. In
consistent with these results, another study reported that administration of green tea catechins
(20 mg/kg for 60 days) decreased the activity of NF-kB in murine cardiac transplants [37].
Green tea catechins were also shown to inhibit the proteolytic activity of the 26S proteosome
[164] that inhibits IkB degradation, thereby resulting in the inhibition of NF-kB activation. As
discussed above, many adhesion molecules and pro-inflammatory cytokines and chemokines
are regulated by NF-kB, catechins may inhibit the expression of these pro-inflammatory
molecules through suppression of NF-kB activity.
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While these data are interesting, most of results achieved in these studies used catechin
concentrations that are far from physiologically achievable levels (0.6 – 1.8 μM) in both
humans and animals through dietary means. Therefore, it is largely unclear if dietary
supplementation of catechins has an anti-inflammatory effect in vivo as observed in these in
vitro studies, although catechin metabolites in vivo may also potentially exert the anti-
inflammatory effects as suggested by their inhibition of human monocyte-ECs interaction in
vitro [165]. However, although in vivo studies are very limited, and particularly, investigations
of whether green tea extract supplementation is beneficial on vascular inflammation are
lacking, one recent human study showed that green tea consumption for 4 weeks in smokers
reduces C-reactive protein, one of the most important markers of inflammation that is
associated with an increased risk of cardiovascular events [166], indicating an anti-
inflammatory effect of catechins in humans [167]. In line with this result, the same human trial
indicated that drinking 4 cups of green tea for 4 weeks reduces plasma levels of soluble P-
selectin, an endothelial adhesion molecule implicated in the process of atherogenesiss [167].
These data from human studies suggest that it may not be necessary to achieve the plasma
concentrations that high so that to exert a beneficial, anti-inflammatory effect. It is also possible
that the anti-inflammatory effects achieved in vivo by physiological levels of green tea extracts
are cumulative or are secondary action whereby catechins alter oxidative stress and lipid
profile.

Anti-Proliferative Effect
One of the major events involved in the development of atherosclerosis is the proliferation and
migration of VSMCs to the sub-endothelial space [43]. Studies showed that tea catechins can
inhibit the proliferation of VSMCs induced by advanced glycation end products [168,169] and
platelet-derived growth factor (PDGF) [170]. While how catechins inhibit VSMC proliferation
is not exactly clear, EGCG treatment has been shown to arrest VSMCs in G1 phase of the cell
cycle by down-regulating the important cell cycle regulators such as cyclins/cyclin-dependent
kinases [171]. This catechin effect on VSMC proliferation appears dependent on galloyl
structure and mediated by suppressing protein tyrosine kinase (PTK), JNK1 and c-jun
expression [172]. It is presently unknown how EGCG inhibits PTK and JNK1 which mediate
growth factor-induced growth [172]. Interestedly, recent studies showed that EGCG can
incorporate into cell membranes to interrupt the binding of PDGF to its receptor that ultimately
leads to the inhibition of cell proliferation [173]. This finding suggests that EGCG may inhibit
PTK and JNK1 by interfering with growth factor receptors, given that both kinases are the
downstream targets of PDGF receptor-initiated signaling.

The key event involved in the development of atherosclerosis and post-angioplasty vascular
remodeling is the migration of VSMCs from the tunica media to the sub-endothelial region.
Matrix metalloproteinases (MMPs) are a family of zinc-dependent endoproteinases that are
responsible for degrading extracellular matrix proteins [174] and therefore play an essential
role in cell migration and tissue remodeling. In the process of atherosclerosis, MMP activity
is elevated concomitant with increased infiltration of inflammatory cells, VSMC migration and
proliferation [175]. Of the three main groups of MMPs [176], MMP-2 (type IV collagenase,
gelatinase A) and MMP-9 (type V collagenase, gelatinase B) play an important role in
angiogenesis [177]. Catechins (30–50 μM) have been shown to prevent VSMC migration by
inhibiting MMP-2 expression, an effect that may be mediated by direct inhibition of MMP-1
[178]. This result is consistent with another study finding that ECG and EGCG dose-
dependently inhibit matrix protein degradation and VSMC invasion by reducing the
gelatinolytic activity of MMP-2 [179]. In agreement with these findings, exposure of VSMCs
to EGCG (20 – 80 μg/ml) also prevented tumor necrosis factor-α-induced expression of MMP-9
which is critically involved in the progression of atherosclerotic lesions [171]. While these data
showing the inhibitory effects of catechins on VSMC migration and proliferation through
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counteracting MMP activity suggest a potential anti-atherogenic action of these compounds,
and meanwhile, provide a mechanism underlying the anti-atherosclerotic action of green tea
extracts as observed in both human [22] and animal [28] studies, the biological relevance of
these in vitro findings, which were obtained only at pharmacological doses of catechins, remain
to be determined.

Anti-Platelet Activity and Anti-Thrombotic Effect
Platelet activation and aggregation also play an integral role in the development of CVD. The
alterations in platelet sensitivity and platelets-vessel wall interaction are associated with the
development of cardiovascular events. In the presence of vascular endothelial injury, platelets
rapidly aggregate to form hemostatic plugs and arterial thrombi which could trigger the acute
vascular events such as myocardial infarction [180]. Indeed, there is extensive evidence that
anti-platelet therapy can reduce CVD risk [181].

Both in vitro and in vivo studies have reported the beneficial effect of tea catechins on platelet
aggregation [170,182]. Catechins were reported to dose- dependently inhibit various stimuli-
induced in vitro platelet aggregation of humans [183] and animals [184] without changing the
coagulation parameters such as activated partial thromboplastin time, prothrombin time, and
thrombin time [183], suggesting that the anti-thrombotic action of catechins may be due to
their anti-platelet activity rather than to an anti-coagulant effect. While the in vivo study on
whether catechins have an anti-platelet effect is rare, available data show that catechin
supplementation improved platelet aggregation and thrombosis in diabetic rats [185]. It has
been established that intracellular calcium concentration plays a crucial role in platelet
aggregation and activation. Catechins inhibit intracellular calcium mobilization via activation
of Ca2+-ATPase and inhibition of inositol 1,4,5-triphosphate formation in human platelets,
which leads to the inhibition of fibrinogen-GPIIb/IIIa binding [182]. Data from a more recent
study showed that EGCG also inhibits phospholipase Cγ2 phosphorylation, but elevates
prostaglandin D2 production [184]. Additionally, ECG and EGCG may reduce the production
of platelet activating factor (PAF) by inhibiting acetyl-CoA:lysoPAF acetyltransferase [186],
thereby decreasing the stickiness of platelets and the probability of platelet aggregation
[186]. Arachidonic acid, a plasma membrane-bound fatty acid, which release is increased in
inflammatory conditions, is metabolized by platelets to generate prostaglandin, endoperoxides,
and thromboxane A2, key molecules for platelet activation and aggregation [187]. Catechins
can suppress arachidonic acid release [184], [188] and thromboxane A2 synthase activity
[188], and therefore reduce the production of these platelet activators. Collectively, these
studies suggest that catechins modulate multiple cellular targets related to platelet activation,
but the anti-platelet activity of catechins may be primarily attributable to its modulation of
arachidonic acid pathway and inhibition of cytoplasmic calcium increase.

CONCLUSIONS
Epidemiological data and results from many clinical and experimental studies have shown that
green tea consumption may have beneficial effects on cardiovascular health. As major
polyphenolic compounds in green tea, catechins may be primarily components in green tea
that exert vascular protective effects. Catechins have been shown to inhibit oxidation, vascular
inflammation, atherogenesis, and thrombogenesis, and favorably modulate plasma lipid profile
and vascular reactivity, suggesting a wide spectrum of beneficial effects of catechins on
vascular function (Table). While some of the protective effects of catechins could be partially
due to the secondary action of their antioxidant effect, it appears that catechins can directly act
on immune and vascular cells to modulate their functions by targeting multiple cellular
pathways and transcriptional factors involved in vascular health, inflammation and diseases
such as eNOS/NO, arachidonic acid metabolism and NF-kB (Fig. 3). The different chemical
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groups of catechins play different roles in their various biological functions. The phenolic
hydroxyl groups of catechins are primarily responsible for scavenging of free radicals,
inhibition of lipid peroxidation, and hydrolysis of fat, whereas the galloyl moiety is involved
in chelating metal ions, inhibition of intestinal cholesterol absorption, cholesterol biosynthesis
and fatty acid biosynthesis. In addition, the galloyl structure of catechins may be mainly
responsible for the production of prostacyclin, reduction of VCAM-1 expression and inhibition
of VSMC proliferation. These findings from substantial recent studies may provide insights
into the fundamental role of green tea extracts in vascular health. Meanwhile, it should be noted
that the results from many in vitro studies, aimed at elucidating the mechanisms underling
various vasoprotective effects of catechins, were obtained with catechin concentrations that
are well above those achievable through dietary ingestion. Therefore, the physiological
relevance of these in vitro findings remains to be investigated. While some catechin metabolites
are reported to be biologically active, their vascular effects are unknown. Studies in this area
are also needed to determine if catechins or their metabolites are primarily responsible for
health benefit of catechin supplement. In addition, further studies on determining the structure
aspects of catechin actions important for normal vascular function may provide a novel
perspective for the design of catechin analog compounds with the enhanced biological activity,
which may lead to clinically relevant strategies to prevent and treat vascular diseases.
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ABBREVATIONS
ADP  

Adenosine diphosphate

ApoA1  
Apolipoprotein A1

ApoB  
Apolipoprotein B

Camp  
Cyclicadenosine-3′,5′-monophosphate

cGMP  
Cyclic guanosine-3′,5′-monophosphate

CVD  
Cardiovascular disease

EC  
(−)-Epicatechin

ECG  
(−)-Epicatechin gallate

Ecs  
Endothelial cells

EGC  
(−)-Epigallocatechin
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EGCG  
(−)-Epigallocatechin gallate

eNOS  
Endothelial nitric oxide synthase

FAS  
Fatty acid synthase

GPx  
Glutathione peroxidase

HDL  
High density lipoprotein

ICAM-1  
Intracellular adhesion molecule-1

IL-8  
Interleukin-8

INOS  
Inducible nitric oxide synthase

LDL  
Low density lipoprotein

MAPK  
Mitogen activated protein kinase

MCP-1  
Macrophage chemoattractant protein-1

MMP  
Matrix metalloproteinase

NF-kB  
Nuclear factor- kappa B

NO  
Nitric oxide

NO  
Nitric oxide radical

O2
•−  

Superoxide anion

1O2  
Singlet oxygen

ONOO−  
Peroxynitrite radical

PAF  
Platelet activating factor

PCNA  
Proliferating cell nuclear antigen
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PDGF  
Platelet derived growth factor

PI3K  
Phosphoinositide-3 kinase

PTK  
Protein tyrosine kinase

ROS  
Reactive oxygen species

SOD  
Superoxide dismutase

SREBP-1  
Sterol response element binding protein-1

TNF-α  
Tumor necrosis factor-α

VCAM-1  
Vascular cell adhesion molecule-1

VSMC  
Vascular smooth muscle cells

XO  
Xanthine oxidase
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Fig. 1.
Chemical structure of catechin backbone.
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Fig. 2.
Chemical structures of catechins.
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Fig. 3.
Scheme summarizing mechanisms underlying the vascular protective effects of catechin. (1)
catechins scavenge free radicals and inhibits pro-oxidant enzymes, which consequently inhibit
ROS induced oxidative stress and LDL oxidation; (2) catechins increases intestinal lipid
excretion, inhibits cholesterol, fatty acids (FFA) and triglycerides absorption and synthesis;
(3) catechins can stimulate endothelial production of NO, prostacyclin and cAMP; (4) catechins
prevent adhesion of monocytes to endothelium and subsequent transendothelial migration by
inhibition of NF-kB, cytokine and adhesion molecules; (5) catechins inhibit cyclins, PDGF,
PTK, JNK1, c-jun and MMPs; and. (6) catechins also can reduce platelet aggregation and
activation by reducing intracellular calcium mobilization, PAF and arachidonic acid release,
and thromboxane A2 synthase. Consequently, modulation of these molecule events by
catechins improves oxidative status, lipid profile, and vascular homeostasis whereas inhibits
vascular inflammation, thrombosis, and VSMC growth and migration, thereby preventing
vascular disease.
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Table
Biological Effects, Mechanisms, Molecular Targets and Chemical Structures Involved in the Cardioprotective Effect
of Green Tea Catechins

Cardioprotective Effects Mechanisms Molecular Targets Required Chemical Structures

Antioxidant effect

Scavenge free radicals ↓ O2
•−, NO•, 1O2, ONOO− Hydroxyl and gallate

Chelate metal ions Chelate copper and iron Hydroxyl and gallate

⊖ redox active transcription factors ⊖ NF-kB, AP-1 Unknown

⊖ pro-oxidant enzymes ⊖ iNOS, XO Unknown

Up regulate antioxidant enzymes ↑ catalase, GPx, SOD Unknown

Sparing of antioxidants Sparing tocopherol Unknown

Improvement of lipid metabolism

⊖ cholesterol synthesis ⊖ squalene epoxidase Gallate

↑ Cholesterol excretion Bind to cholesterol Gallate

↓ Cholesterol absorption Bind to cholesterol Gallate

↓ Triglycerides ⊖ phospholipase Hydroxyl

↓ Fatty acid synthesis ⊖ acetyl CoA carboxylase
⊖ β-ketoacyl reductase of FAS

Gallate
Gallate

Improvement of endothelial function
NO-dependent vasodilation ↑ eNOS Unknown

NO-independent vasodilation ↑ prostacyclin
↑ cytosolic cAMP, cGMP

Gallate
Unknown

Anti-inflammatory effect
⊖ Adhesion of leucocytes to ECs ↓ VCAM, MCP-1 Gallate

+ Apoptosis of monocytes ↑ caspase 8 and 9 Unknown

Anti-proliferative effect
⊖ VSMC growth ⊖ PCNA

⊖ PDGF
Gallate

Unknown

⊖ VSMC migration ⊖ MMP-2 Unknown

Anti-platelet and Anti-thrombiotic effects

⊖ platelet aggregation ⊖ cytoplasmic Ca2+ release
⊖ PAF

Unknown
Unknown

⊖ Thrombosis ⊖ Thromboxane A2 synthase
Scavenge free radicals

Unknown
Hydroxyl and gallate

↑, increase; ↓, decrease; ⊖, inhibition; +, activation.
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